The acquired kinase mutation JAK2V617F plays a central role in myeloproliferative neoplasms (MPNs). However, the mechanisms responsible for the malignant hematopoietic stem/progenitor cell (HSPC) expansion seen in patients with MPNs are not fully understood, limiting the effectiveness of current treatment. Endothelial cells (ECs) are an essential component of the hematopoietic niche, and they have been shown to express the JAK2V617F mutation in patients with MPNs. We show that the JAK2V617F-bearing vascular niche promotes the expansion of the JAK2V617F HSPCs in preference to JAK2WT HSPCs, potentially contributing to poor donor cell engraftment and disease relapse following stem cell transplantation. The expression of Chemokine (C-X-C motif) ligand 12 (CXCL12) and stem cell factor (SCF) were upregulated in JAK2V617F-bearing ECs compared to wild-type ECs, potentially accounting for this observation. We further identify that the thrombopoietin (TPO)/MPL signaling pathway is critical for the altered vascular niche function. A better understanding of how the vascular niche contributes to HSPC expansion and MPN development is essential for the design of more effective therapeutic strategies for patients with MPNs.
INTRODUCTION
The chronic Philadelphia chromosome (Ph 1 ) negative myeloproliferative neoplasms (MPNs) are clonal stem cell disorders characterized by hematopoietic stem/progenitor cell (HSPC) expansion and overproduction of mature blood cells. The acquired signaling kinase mutation JAK2V617F plays a central role in these disorders, but our understanding of the stem cell expansion that characterizes MPNs remains incomplete, limiting the effectiveness of current treatments. Although the etiology of dysregulated hematopoiesis has been mainly attributed to the molecular alterations within the HSPC compartment, abnormalities of the marrow microenvironment are beginning to be recognized as an important factor in MPN development. [1] [2] [3] [4] [5] Endothelial cells (ECs) are an essential component of the hematopoietic niche and most HSPCs reside close to a marrow sinusoid (the 'perivascular niche'). [6] [7] [8] [9] MPNs are characterized by increased marrow angiogenesis compared to normal marrow. [10] [11] [12] The JAK2V617F mutation is present in isolated liver or spleen ECs from patients with MPNs. 13, 14 The mutation can also be detected in EC progenitors derived from the hematopoietic lineage and, in some reports based on in vitro assays, in the true endothelial colony-forming cells from patients with MPNs. [14] [15] [16] [17] [18] Previously, we and others have shown that JAK2V617F-bearing ECs are critical in the development of the bleeding abnormalities in a murine model of JAK2V617F-positive MPNs in which JAK2V617F is expressed in all hematopoietic cells and ECs. 19 Our recent study further demonstrated that the JAK2V617F-bearing ECs contribute to the growth advantage of JAK2V617F HSPC over the JAK2WT HSPC in vitro, likely through a critical role of the TPO/MPL signaling axis. 20 All of these observations suggest that ECs are involved in the malignant process leading to MPNs.
In the present study, we hypothesized that the JAK2V617F mutation alters the vascular niche to promote MPN HSPC expansion in vivo. To test this hypothesis, we crossed mice that bear a Cre-inducible human JAK2V617F gene (FF1) 21 with Tie2-Cre mice 22 to express JAK2V617F specifically in all hematopoietic cells and ECs (Tie2/FF1). 19, 23 This model has provided us with the ability to study the effect of the JAK2V617F-bearing vascular niche on MPN disease development in vivo. We found that the JAK2V617F-bearing vascular niche contributes to the maintenance and expansion of JAK2V617F HSPCs in preference to JAK2WT HSPCs. These results suggest that the MPN vascular niche can contribute to the poor donor cell engraftment and the high incidence of disease relapse, the two major causes of treatment-related morbidity and mortality associated with the only curative treatment for patients with MPNs, allogeneic stem cell transplantation (SCT). 2, 24, 25 Therefore, targeting the MPN vascular niche represents a promising new therapeutic strategy in patients with MPNs.
MATERIALS AND METHODS

Experimental mice
JAK2V617F Flip-Flop (FF1) mice 21 was provided by Radek Skoda (University Hospital, Basal, Switzerland), Tie2-Cre mice 22 by Mark Ginsberg (University of California, San Diego, CA, USA), and MPL knockout mice (MPL − / − ) 26 by Warren Alexander (Melbourne, Australia). FF1 mice were crossed with Tie2-Cre mice to express JAK2V617F specifically in hematopoietic cells and ECs (Tie2/FF1 mice). MPL − / − mice were crossed with wild-type (WT) C57BL/6 mice to generate MPL +/ − mice. All mice used were crossed onto a C57BL/6 background and bred in a pathogen-free mouse facility at Stony Brook University. CD45.1+ congenic mice (SJL) were purchased from Taconic Inc. (Albany, NY, USA). No randomization or blinding was used to allocate experimental groups. Animal experiments were performed in accordance with the guidelines provided by the Institutional Animal Care and Use Committee.
Additional methods can be found in Supplementary Methods.
RESULTS
The JAK2V617F-bearing vascular niche promotes JAK2V617F-mutant clonal expansion over JAK2WT clones in vivo Both JAK2WT clones and JAK2V617F mutant clones coexist in most patients with MPNs. Mechanisms responsible for MPN HSPC expansion are not fully understood. In our previous work using an in vitro co-culture system in which Lin − cKit + HSPCs were cultured on a feeder layer of JAK2WT ECs (isolated from WT mice) or JAK2V617F ECs (isolated from Tie2/FF1 mice), we demonstrated that the JAK2V617F-mutant HSPCs displayed a relative growth advantage over JAK2WT HSPCs when co-cultured on JAK2V617F ECs in vitro. 20 This prompted us to ask whether the JAK2V617F-bearing vascular niche contributes to JAK2V617F clonal expansion over JAK2WT clones in vivo.
To address this question, we performed a competitive marrow transplantation experiment. Donor marrow cells from Tie2/FF1 mice (CD45.2) were injected intravenously together with competitor WT marrow cells (CD45.1) into lethally irradiated Tie2/FF1 mice or control mice (CD45.2) (n = 5 in each group) (Figure 1a) . During a 4-month follow up, Tie2/FF1 recipients displayed a higher peripheral blood CD45.2 (that is, JAK2V617F donor) chimerism than the control mice (P = 0.0002), suggesting that the mutant vascular niche in Tie2/FF1 promoted the JAK2V617F clonal maintenance/expansion and/or inhibited WT hematopoiesis (Figure 1b) . By 18 weeks post transplant, Tie2/FF1 recipients developed a profound MPN phenotype with both neutrophilia (15.1 vs 3.9 × 10 9 /l, P = 0.047) and thrombocytosis (5335 vs 1029 × 10 9 /l, P = 0.032) but normal hemoglobin and lymphocyte levels ( Figure 1c ). Spleens collected from mice 18 weeks after transplantation showed moderate splenomegaly in the Tie2/FF1 recipients compared with the controls (spleen weight 269 mg vs 148 mg, P = 0.072) (Figure 1d ). Colony formation assays revealed significant increases in burst forming unit-erythroid (BFU-e) (1.8-fold, P = 0.026), colony-forming unit granulocyte/macrophage (CFU-GM) (1.7-fold, P = 0.006) and total hematopoietic progenitor cells (1.8-fold, P = 0.008) (Figure 1e ) compared with control mice. Similar results were also obtained with peripheral blood and − (JAK2 V617F -mutant) HSPCs were expanded in marrow of Tie2/FF1 recipients compared to WT recipients. In contrast, there was no difference in WT CD45.1 + CD150 + CD48 − cell numbers between the Tie2/FF1 recipients and controls. (g, h) Single colony analysis for JAK2 V617F -mutant (g) and JAK2
WT donor-derived (h) colonies in Tie2/FF1 recipients and WT recipients.
spleen samples (not shown). There was no difference in total femoral cell count between the Tie2/FF1 recipients and controls. Since MPNs are characterized by both hematopoietic stem and progenitor cell expansion, we assessed the numbers of a highly enriched stem cell population, CD150 + CD48 − HSPCs, of which 20% display long-term repopulating capacity. 6 The JAK2V617F-mutant (CD45.2 + ) CD150 + CD48 − cell numbers significantly increased in both marrow (FIVEfold, P = 0.002, n = 5; Figure 1f ) and spleen (not shown) of Tie2/FF1 recipients compared with controls. In contrast, there was no significant difference in WT (CD45.1 + ) CD150 + CD48 − cell numbers between Tie2/FF1 recipients and controls. Therefore, the JAK2V617F-bearing vascular niche promoted the expansion of JAK2V617F HSPCs but not WT cells.
We next studied whether the JAK2V617F-bearing vascular niche also promoted the JAK2V617F clonal expansion at the progenitor cell level. Marrow cells from Tie2/FF1 and control recipients were cultured on methylcellulose media and individual hematopoietic colonies (both erythoid and myeloid) were plucked from each sample for genotyping. We found that there were significantly more JAK2V617F-derived colony forming cells in Tie2/FF1 recipients than in controls (2.9-fold, P = 0.025; Figure 1g ). In addition, WT donor derived colonies were present in three of five control recipients while none was detected in Tie2/FF1 recipients ( Figure 1h ). These findings indicate that the JAK2V617F-bearing vascular niche promoted the expansion of JAK2V617F progenitors, probably at the expense of suppressing WT hematopoiesis.
In contrast, the control mice who received donor cells from both Tie2/FF1 mice and WT mice had mostly normal blood cell counts during the 4-month follow up ( Figure 1c 27 cell numbers were increased in the Tie2/FF1 recipients (n = 5) compared to control mice (n = 5) following competitive transplantation (Figures 2a and b) . This is consistent with our previous report that JAK2V617F-bearing ECs proliferate to a greater extent than JAK2WT ECs and display significantly increased angiogenesis in vitro compared to JAK2WT ECs, 20 a finding that also characterizes the marrow of patients with MPNs. [10] [11] [12] To begin to understand the EC signals responsible for JAK2V617F HSPC expansion and MPN pathogenesis, we measured the expression levels of CXCL12 and SCF, two essential niche factors for HSPC maintenance, [28] [29] [30] in marrow ECs of Tie2/FF1 mice (n = 5) and control mice (n = 5) from the competitive transplantation experiment. qPCR analysis confirmed that there was upregulation of CXCL12 in both arterial (3.3-fold, P = 0.000004) and sinusoidal (4.8-fold, P = 0.002) marrow ECs while SCF was upregulated in arterial marrow ECs (4.1-fold, P = 0.02) in Tie2/FF1 mice compared to control mice (Figures 2c and d) . Flow cytometry quantitative analysis showed that the proportion of marrow ECs expressing CXCL12 (41% increase, P = 0.074) or SCF (68% increase, P = 0.091) was increased in the Tie2/FF1 mice as compared to control mice (Figures 2e and f) . CXCL12 and SCF have been shown to promote HSPC survival and protect HSPCs from irradiationinduced cell death. [31] [32] [33] In chronic myelogenous leukemia, another MPN (Ph 1 positive) driven by deregulated tyrosine kinase activity, SCF induces selective expansion of the leukemic HSPCs over normal HSPCs. 34, 35 Therefore, increased CXCL12 and SCF levels in the JAK2 V617F -bearing marrow ECs could each or collectively contribute to the HSPC expansion phenotype we have observed in the Tie2/FF1 recipients.
To understand how the altered niche factors contribute to JAK2V617F clonal expansion in the Tie2/FF1 recipients, we measured the expression of the CXCL12 receptor CXCR4 and the SCF receptor cKIT in both JAK2WT (CD45.1) CD150 + CD48
− HSPCs and JAK2V617F (CD45.2) CD150 + CD48 − HSPCs from the Tie2/FF1 recipients. We found that the proportion of cells expressing CXCR4 (2.1-fold, P = 0.033) or cKIT (19-fold, P = 0.0003) was significantly increased in the JAK2V617F HSPCs compared to JAK2WT HSPCs (Figures 2g and h) . Therefore, the increased CXCL12 and SCF levels in the JAK2V617F-bearing ECs could mediate the clonal expansion of JAK2V617F HSPCs, via the upregulated CXCR4 and cKIT receptors, over JAK2WT HSPCs in the Tie2/FF1 recipients.
The EC MPL receptor contributes to the maintenance/expansion of the JAK2V617F HSPC over JAK2WT HSPCs Thrombopoietin (TPO) and its receptor, the proto-oncogene MPL, are key regulators of HSPC activity. 36, 37 Previously, we and others have shown that MPL is essential for the development of an increased neoplastic stem cell pool in MPNs. 38, 39 MPL is expressed on several types of ECs. [40] [41] [42] Whether the EC MPL receptor could affect vascular niche function, and contribute to the critical role of TPO/MPL signaling in HSPC maintenance, is not known.
Consistent with our previous report that MPL expression was increased in JAK2V617F-bearing lung ECs compared to JAK2WT lung ECs, 20 MPL expression was also significantly increased in both arterial marrow ECs (2.9-fold, P = 0.038) and sinusoidal marrow ECs (1.7-fold, P = 0.004) of the Tie2/FF1 recipients compared to control mice (Figure 3a) . Using an in vitro competitive growth assay where both JAK2WT HSPCs (CD45.1) and JAK2V617F HSPCs (CD45.2) were cultured together in the presence of conditioned medium collected from either WT or MPL knockout lung ECs (isolated from WT or MPL − / − mice), we have previously shown that the EC MPL receptor is important for the maintenance/expansion of the JAK2V617F clone over the JAK2WT clone in vitro. 20 This led us to hypothesize that certain secreted factors from the vascular ECs contribute to the JAK2V617F clonal expansion in MPNs, and that TPO/MPL signaling is critical for this vascular niche function. Therefore, we measured the expression levels of CXCL12 and SCF in marrow ECs isolated from WT mice, MPL heterozygous mice (MPL +/ − ) and MPL knockout mice (MPL − / − ). We confirmed that there was significant downregulation of CXCL12 and SCF in MPL − / − marrow ECs compared with WT cells, in a dose-dependent fashion (Figure 3b ). These results suggest that altered TPO/MPL signaling can affect vascular niche function and contribute to HSPC expansion in the Tie2/FF1 recipient mice.
The JAK2V617F mutation alters the megakaryocyte-vascular niche interactions to promote HSPC expansion Megakaryocytes (MK) are rare polyploid marrow cells that give rise to blood platelets. Very recent evidence has implicated MKs in regulating HSPC activity. [43] [44] [45] MKs are often located adjacent to marrow sinusoids, a 'geography' required for the cells to issue platelets directly into the sinusoidal vascular lumen. 46 Considering that most HSPCs reside close to a marrow sinusoid, the interactions between MKs and ECs in the vascular niche are positioned to play an important role in modulating HSPC function.
Consistent with the thrombocytosis seen in Tie2/FF1 recipients, histological analysis of marrow hematoxylin/eosin sections revealed markedly increased numbers of MKs in these mice compared to controls. Clusters of MKs were preferentially located near sinusoid vessels in Tie2/FF1 recipients (Figures 4a and b) . In addition, reticulin fibrosis was present in the marrow of Tie2/FF1 recipients, but absent in control recipients (Figure 4c ). Since MKs play an important role in the pathogenesis of marrow fibrosis, these findings suggest that JAK2V617F MKs may contribute to the development of a full-blown MPN with marrow fibrosis in the Tie2/FF1 recipients.
Quantitative evaluation revealed that marrow JAK2V617F MK (CD45.2 + CD41 + ) cell frequency was significantly increased in the Tie2/FF1 recipients compared to controls (9.6-fold, P = 0.0002, n = 5) although both groups were transplanted with 50% JAK2V617F-mutant marrow cells (Figure 4d ). In contrast, there was no significant difference of the WT MKs (CD45.1
+ ) between the two groups. To further test whether the JAK2V617F-bearing vascular niche stimulates JAK2V617F MK expansion directly, we isolated JAK2V617F-bearing ECs from the Tie2/FF1 mice and performed a MK-EC co-culture experiment. We found that JAK2V617F MKs gained a greater growth advantage compared to JAK2WT MKs when co-cultured on JAK2V617F ECs than when cultured in serum-free expansion medium (SFEM) alone (3.9-fold vs 2.2-fold, P = 0.031), suggesting that the JAK2V617F-bearing ECs can directly stimulate JAK2V617F MK expansion (Figures 4e and f) .
We then examined whether JAK2V617F MKs stimulate HSPC expansion more than JAK2WT MKs do using an in vitro co-culture experiment where WT CD150 + CD48 − HSPCs (CD45.1) were cultured together with JAK2WT or JAK2V617F MKs (CD45.2). At the end of the 12-day culture, there were more CD45.1 cells when co-cultured together with JAK2V617F MKs than when co-cultured together with JAK2WT MKs (twofold, P = 0.011; Figure 4g ).
Finally, after demonstrating that the JAK2V617F-bearing ECs can expand the JAK2V617F-bearing MKs which in turn contributes to HSPC expansion, we tested whether the JAK2V617F MKs could affect JAK2V617F EC function in vitro. A scratch assay was performed to measure EC migration in vitro and we found that JAK2V617F MK-conditioned medium (MKCM) significantly stimulated JAK2V617F EC migration compared to that of WT MKCM. 
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( Figure 4h ) Taken together, these data indicate that the JAK2V617F mutation alters the MK-endothelial interactions in the vascular niche to promote HSPC expansion in the Tie2/FF1 recipients.
DISCUSSION
Although previous studies have reported that a diseased microenvironment or perturbed interactions between the hematopoietic cells and the niche could cause myeloproliferation, mutations tested in those studies were not common in patients with MPNs and the responsible niche cells were not specified. 1, 5 Here, by crossing the previously described human JAK2V617F knock-in mice (FF1) 21 with the Tie2-Cre mice, 22 we have been able to highlight the importance of the JAK2V617F-bearing vascular niche in the abnormal hematopoiesis of MPNs.
In our competitive marrow transplantation experiments where both JAK2V617F marrow cells (CD45.2) and WT marrow cells (CD45.1) were injected together into lethally irradiated recipient mice, the Tie2/FF1 recipients (with the JAK2V617F-bearing vascular niche) developed a profound MPN phenotype, while the WT recipients did not. While WT donor-derived progenitor cells were still present in three of five control recipients 18 weeks following transplantation, none was detected in the Tie2/FF1 recipients (n = 5) (Figure 1) . Two conclusions can be drawn from these data to guide future investigation. First, these data provide clear evidence that the JAK2V617F-bearing vascular niche promotes JAK2V617F clonal expansion while inhibiting WT hematopoiesis. These data are consistent with other reports that the marrow microenvironment of myeloid malignancies are altered to impair normal hematopoiesis, while favoring malignant stem cell expansion. 2, 47 Second, these observations indicate that in the competitive transplantation environment, where both JAK2V617F marrow cells and JAK2WT marrow cells were transplanted together, the JAK2V617F-mutant HSPCs alone are either insufficient to develop a MPN phenotype in the absence of additional disease-promoting mechanisms (for example, V617F bearing niche) or require a longer period of time to develop the disease phenotype in WT environment (that is, WT recipient) than in mutant environment (that is, Tie2/FF1 recipients). This is surprising and appears in conflict with prior reports that the JAK2V617F-positive MPN phenotype is transplantable and + CD48 − HSPC proliferation more than JAK2WT MKs did in an in vitro direct co-culture experiment. Cell proliferation was shown as fold of expansion which is the ratio of the final cell count to starting cell count. Data are from three independent experiments with triplicates in each experiment. (h) A scratch assay was performed in JAK2V617F spleen ECs. JAK2V617F MKCM significantly stimulated JAK2V617F EC migration compared to that of WT MKCM. The distances from one side of the scratch wound to the other side were measured using ImageJ software (National Institute of Health, Bethesda, MD, USA) at six different locations for each culture condition. The distance of wound closure at time 24 and 48 h was compared with the distance at time 0 h which was set as 1. The results were expressed as the mean ± s.e.m. (n = 6). Data are from one of two independent experiments that gave similar results.
usually develops as early as 4 weeks after transplanting 100% JAK2V617F-positive marrow cells into WT recipients. 19, [48] [49] [50] [51] It is possible that, in our competitive transplantation experiment where 50% JAK2V617F marrow cells and 50% JAK2WT marrow cells were transplanted together, the JAK2V617F-mutant HSPCs require a longer period of time to develop the disease phenotype in WT recipients. Another possibility is that the JAK2V617F-mutant HSPCs have little selective advantage over WT HSPCs when transplanted into mice that bear a normal niche. 49, [51] [52] [53] This may explain why we and others 51 did not observe any MPN phenotype with JAK2V617F-mutant HSPCs in the competitive transplant setting. This is consistent with our previous report that there was no significant difference between JAK2WT and JAK2V617F HSPC proliferation when co-cultured with JAK2WT EC. 20 It is also supported by the clinical observation that in some patients with MPNs, there is coexistence of the mutant clone and the WT clone with no change in the mutant/WT cell ratio over long term follow up. [54] [55] [56] In essence, crosstalk between the altered HSPCs and the altered microenvironment is likely required to provide the 'selective pressure' for the mutant HSPCs to outcompete WT HSPCs in the development of a MPN.
CXCL12 and SCF, two important niche factors for HSPC maintenance, [28] [29] [30] are upregulated in JAK2V617F-bearing ECs compared to WT ECs. In addition, expression of the CXCL12 receptor CXCR4 and the SCF receptor c-KIT is upregulated in JAK2V617F marrow HSPCs compared to JAK2WT marrow HSPCs in our competitive marrow transplantation experiment (Figure 2) . Therefore, the increased CXCL12 and SCF levels in the JAK2V617F-bearing vascular niche could contribute to the clonal expansion of JAK2V617F HSPC via its upregulated CXCR4 receptor. Although this appears contradictory to other reports that CXCR4 is mostly down regulated in spleen and peripheral blood HSPCs from patients of MPNs, [57] [58] [59] it suggests that there is increased CXCL12/ CXCR4 signaling in MPN HSPCs, 60 which would favor their maintenance within the bone marrow microenvironment and extramedullar sites. Further studies (for example, conditional deletion of CXCL12 and/or SCF in JAK2V617F-bearing ECs) are required to understand how these vascular niche factors contribute to uncontrolled HSPC expansion leading to MPNs. In this study, we also found that MPL expression is significantly increased in the JAK2V617F-bearing marrow ECs and knock-out of MPL in ECs significantly decreases the levels of CXCL12 and SCF. These results suggest that altered TPO/MPL signaling can affect vascular niche function and contribute to HSPC expansion in the Tie2/FF1 recipient mice. Ablating MPL in the JAK2V617F-bearing ECs will be required to determine the roles of TPO/MPL signaling in the hematopoietic vascular niche in MPNs.
Our studies also found that the JAK2V617F mutation alters MK-endothelial interactions in the hematopoietic vascular niche. Previously we found that JAK2V617F MKs stimulate EC angiogenesis in vitro and cause a murine myeloproliferative syndrome with HSPC expansion and increased sinusoidal vascular density in vivo. 23 In the current work, we demonstrated that the JAK2V617F-bearing ECs promote JAK2V617F-mutant MK expansion over WT MKs, which in turn contributes to HSPC expansion. In contrast to non-hematopoietic niche cells (for example, ECs, mesenchymal stromal cells), niche MKs provide direct feedback to their precursor HSPCs, many of which are located directly adjacent to MKs in vivo, 43, 44 and therefore may play important roles in malignant HSPC clonal expansion during neoplastic hematopoiesis. Since both MKs and ECs represent important sources of bioactive hematopoietic factors and express many adhesion molecules that are active in hematopoiesis, systemic analysis of MK and EC proteins using either quantitative proteomics or antibody-based arrays would be required to further investigate the interaction between MKs and ECs in both normal and neoplastic hematopoiesis.
Although the JAK2V617F mutation has only been reported in the liver and spleen ECs from patients with MPNs, 13, 14 it very likely also exists in their marrow ECs considering that liver, spleen, and marrow are all hematopoietic organs during embryonic development and/or throughout adulthood. The stem cell compartment in MPN is heterogeneous with the presence of both JAK2 WT clones and the JAK2V617F mutant clones in most MPN patients. We hypothesize that the vascular niche in MPN patients is also heterogeneous with the co-existence of both normal and mutant ECs. Since the JAK2V617F mutation is present in all HSPCs and ECs in the Tie2/FF1 mice, our murine model may not recapitulate the clonality features that are present in patients with MPNs. Nonetheless, our study has demonstrated that the JAK2V617F-bearing vascular niche can contribute to the expansion of JAK2V617F HSPCs in preference to JAK2WT HSPCs, which provides a mechanism for the poor donor cell engraftment and the high incidence of disease relapse in patients, the two major causes of treatment-related morbidity and mortality associated with the only curative treatment for patients with MPNs, allogeneic SCT. Therefore, targeting the MPN vascular niche could provide a promising new therapeutic strategy for patients with MPNs. Further investigation would be required to model the in vivo condition where both normal and mutant ECs are likely co-exist.
